Herbivorous insects are characterized by a great diversity of host plant associations, yet, the processes driving host range evolution are not fully understood. When herbivores encounter a novel host, local selection pressures are expected to shape traits that mediate plant-insect interactions. I show that a leafmining fly, Amauromyza flavifrons (Meigen) (Diptera: Agromyzidae), suffers a profound fitness cost by ovipositing on a novel host, Beta vulgaris L. (sugar beet) (Chenopodiaceae). Leafminers from a sugar beet-free population readily oviposit on B. vulgaris leaves, whereas those collected from a population near sugar beet farms discriminate against B. vulgaris . This finding suggests that oviposition specificity in A. flavifrons populations may have evolved in response to the presence of the novel host, and represents the first evidence of host-avoidance evolution in the wild. Because this study compared only one pair of populations and thus lacks replication, future studies will test whether parallel evolution has occurred at B. vulgaris farm locales across North America.
Introduction
The observation of tremendous diversity in the diet breadth of herbivorous insects has inspired researchers to investigate the processes driving host range evolution (Futuyma & Moreno, 1988; Jaenike, 1990; Rausher, 1993; Bernays & Funk, 1999; Egan & Funk, 2006) . One way to examine the process of diet breadth evolution is to observe how a population of behavioral generalists evolves when it encounters a novel host (Rausher, 1993) . Because herbivores are often less adapted to using the novel host than their native hosts, herbivores are expected to either become physiologically adapted to the novel host or to evolve oviposition-avoidance behavior (Gould, 1984; CastilloChavez et al., 1988; Rausher, 1993) . Several studies demonstrate host expansion to novel hosts, such as introduced plants or agricultural crops (Bowers et al., 1992; Carroll & Boyed, 1992; Singer et al., 1992; Mulatu et al., 2004; Murphy, 2004; Jallow & Hoy, 2006) , but examples of the evolution of avoidance are limited (Gould & Anderson, 1991) .
Demonstrating the evolution of host avoidance requires geographic comparisons among populations that are subject to different selection pressure for host specificity (Funk & Bernays, 2001 ). The leafmining fly Amauromyza flavifrons (Meigen) (Diptera: Agromyzidae) represents an ideal system for studying the evolution of avoidance, because it encounters a potential novel host, Beta vulgaris L. (Chenopodiaceae; sugar beet), in a fraction of its current distribution in North America. The leafminer normally feeds on several species of the Caryophyllaceae, although there are isolated records of the leafminer from B. vulgaris in its native range in Europe (Spencer, 1972) , suggesting its potential to recognize the plant as a host. However, B. vulgaris remains mostly uninfested by the leafminer throughout its distribution (Scheffer, 1995) , probably because offspring rarely survive to adulthood (Scheffer, 1999) . Amauromyza flavifrons females from a New York (USA) population, which does not generally encounter B. vulgaris in the wild, readily oviposit on B. vulgaris (Scheffer, 1999) . The New York population also exhibits genetic variation in B. vulgaris acceptance, indicating an evolutionary potential for oviposition behavior.
Because offspring viability is close to zero on B. vulgaris , selection should favor avoidance of oviposition on the detrimental host. Populations near sugar beet farms are therefore expected to evolve behavioral avoidance of B. vulgaris , whereas populations away from the farms, Leafmines containing larvae were collected in Ziploc bags and reared to eclosion in 1.5-ml microcentrifuge tubes at room temperature. Eclosed females (n = 156 and 133 in MI and NY populations, respectively) were each randomly paired with a male from the same population, and kept in a Petri dish lined with moistened filter paper containing 30% honey water and a leaf of S. officinalis for 24 h. Subsequently, the eggs on each leaf were counted under a dissecting microscope, and females that laid at least one egg were used to test oviposition behavior on B. vulgaris . This process was repeated once for females that did not lay eggs within the first 24 h. In total, 88 and 84 females from MI and NY populations, respectively, oviposited on S. officinalis within the 2 days of the experiment, and these females were subsequently tested on B. vulgaris leaves.
Materials and methods

Amauromyza
Propensity to oviposit on B. vulgaris was examined in no-choice tests by placing each female in a Petri dish with a piece of excised B. vulgaris leaf (approximately 5 cm 2 ), obtained from greenhouse-grown plants. No-choice tests are more appropriate than choice tests, because the former provides information about the degree to which females discriminate against unsuitable hosts, whereas the latter tests only for the rank order of host preference (Wasserman & Futuyma, 1981) . The oviposition test lasted until females died (mean ± SE longevity = 10.6 ± 2.95 days), and leaves were replenished every 24 h. When a suitable host is absent, females may dump eggs on an unacceptable host before they die (Papaj, 2000) , and thus obscure true oviposition propensity. To eliminate the effect of egg dumping, I excluded data from the day before a female's death from the analysis, although the exclusion did not affect the results qualitatively or statistically. Each leaf was examined for the number of eggs oviposited, and retained in a Ziploc bag. To test for larval development on B. vulgaris , leaves were carefully checked for developing mines 7 days after oviposition (see Scheffer, 1999) .
Data analysis
Proportions of females ovipositing on S. officinalis and on B. vulgaris were compared between NY and MI populations, using contingency table analysis. The populations were compared for the mean numbers of eggs laid per day on S. offiinalis to test for intrinsic differences in oviposition rates. This initial oviposition rate is a good indicator of lifetime oviposition rate in A. flavifrons (A Uesugi, unpubl.). Likewise, the mean numbers of eggs laid per day on B. vulgaris were compared between the populations. Because the oviposition rate was not normally distributed, a non-parametric Mann-Whitney test was used. All statistical analyses were performed with SPSS (SPSS, Chicago, IL, USA).
Results
The proportion of females that oviposited on S. officinalis did not differ between populations (56.4 and 63.1% in MI and NY populations, respectively; χ 2 = 1.35, P = 0.24; Figure 1A ), nor did the mean number of eggs per day that females oviposited on S. officinalis (Z = -1.02, P = 0.31). Of those that oviposited on S. officinalis , 35.2% of MI females (31 out of 88) oviposited at least one egg on B. vulgaris , compared to 70.2% of NY females (59 out of 84) ( χ 2 = 21.1, P<0.0001; Figure 1B ). On average, MI females laid fewer eggs than NY females on B. vulgaris (Z = -4.76, P<0.0001). Oviposition rate on B. vulgaris (number of eggs per day) was also lower in the MI population than the NY population ( Z = -4.33, P<0.0001; Figure 2 ). Mine development was observed on most leaves of S. officinalis , but no mines were found on any leaves of B. vulgaris , suggesting 100% early larval mortality on B. vulgaris .
Discussion
The results from this study support the hypothesis that oviposition on B. vulgaris is selected against in populations near sugar beet farms. In an MI population that was surrounded by sugar beet farms, fewer females accepted B. vulgaris , and when they did, they laid fewer eggs on it than NY females. As the intrinsic rate of oviposition on its normal host, S. officinalis , did not differ between the populations, the observed pattern was solely in response to the novel host, B. vulgaris . In agreement with Scheffer's (1999) observation that larvae hatch on B. vulgaris but die soon afterwards, larval development on B. vulgaris was not observed in either population, suggesting that physiological adaptation has not occurred. This lack of larval viability on B. vulgaris implies that indiscriminate oviposition behavior would be strongly deleterious, as a female's fitness decreases every time she makes an oviposition mistake. Opportunities for selection provided by the presence of sugar beet farms seem to have led to the evolution of B. vulgaris avoidance in a subpopulation of A. flavifrons .
Most comparable studies have found an opposite evolutionary outcome of exposure to a novel host, that is, host range expansion rather than oviposition avoidance typically occurs in response to introduced plants in the wild (Bowers et al., 1992; Carroll & Boyed, 1992; Singer et al., 1992; Dennill et al., 1993; Fox et al., 1997; Mulatu et al., 2004; Murphy, 2004) , or to the introduction of resistant crops to agricultural systems (Gould, 1998; Jallow & Hoy, 2006) . Similarly, artificial selection experiments have demonstrated physiological adaptation to novel hosts (Hawthorne, 1999; Agrawal, 2000) , but behavioral adaptations are rarely found (but see Gould & Anderson, 1991) . Lack of evidence for avoidance evolution is surprising, because behavioral adaptation is thought to be more evolutionarily labile than physiological adaptation (Gassmann et al., 2006) . Also, genetic variation for host specificity is often found in generalist species (Courtney et al., 1989) , suggesting that avoidance could potentially evolve in the presence of an unsuitable host. Furthermore, host specialization via evolution of host avoidance may promote sympatric speciation (Forbes et al., 2005; Feder & Forbes, 2007) , which may explain a high species diversity observed in herbivorous insects (Bush, 1994) .
The lack of studies showing avoidance evolution may be due to sampling biases. First, host expansion to introduced plants or resistant crops is often readily noticed by researchers, whereas evidence for avoidance behavior requires extensive laboratory experiments on adult behavior. Second, host expansion to novel plants is usually observed between closely related plant species that share host chemistry (Becerra & Venable, 1999; Murphy & Feeny, 2006) , for which genetic variation for physiological ability to feed on novel hosts exists within a population (Fox et al., 1997) . If, however, plant species are more chemically distinct and there is little opportunity for physiological adaptation, natural selection may act directly on behavior to eliminate indiscriminate oviposition. Thus, evolution of avoidance may be more likely when herbivores encounter plants that are distantly related to the ancestral host, and may contribute to specialization among host plants at family or higher taxonomic levels (Rausher, 1993) . Finally, evolution of avoidance behavior may be hindered by genetic constraints or a lack of time for evolution to occur. Such constraints may explain maladaptive oviposition behavior on recently introduced plants by the butterfly Pieris napi oleracea (L.) (Lepidoptera: Pieridae) (Renwick, 2002) and parsnip webworm Depressaria pastinacella Duponche (Lepidoptera: Oecophoridae) (Zangerl et al., 2002) . In contrast, the present study on A. flavifrons suggests that oviposition avoidance can evolve relatively rapidly (within 50-60 years; Spencer & Steyskal, 1986) , when genetic variation and strong selection are present.
The possibility that natural selection has driven the evolution of avoidance in A. flavifrons can be further supported by observations of the independent evolution of avoidance behavior in different areas (Schluter & Nagel, 1995; Nosil et al., 2002) . Because this study compared only a single pair of sugar beet vs. sugar beet-free populations, there remains the possibility that oviposition avoidance in the MI population was caused by other factors besides the presence of sugar beet. For example, A. flavifrons was initially introduced to the east coast (Spencer, 1969) , and as it invaded westward, it may have lost genetic variation for oviposition behavior and became more specialized. This alternative hypothesis can be addressed by comparing multiple pairs of populations over a wide geographic range, as sugar beet farms occur in several distinct portions of A. flavifrons ' range in North America. Future studies will determine the extent to which these sugar beet farms have selected for avoidance in A. flavifrons subpopulations.
